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Introduction
A transition from fossil fuels to sustainable energy sources like wind and solar and sustainable chemical feedstocks like water, carbon dioxide, and biomass is strictly necessary to avoid catastrophic climate change [1] . This transition is bringing a drastic change in the global energy landscape, causing electrochemical and biochemical processes to play an increasing role [2, 3, 4] . In order to improve the economics of sustainable energy conversion and chemical synthesis, it is thus important to expand fundamental understanding of electrochemical and biochemical processes.
Electrochemical and biochemical processes are generally run in wet environments at or above ambient pressure, while the most versatile tool for identifying and quantifying the reaction products, mass spectrometry, requires high vacuum [5] . A wide range of sample introduction and ionization methods have been developed that are suitable for product identification and quantification by mass spectrometry after a batch reaction [6] , but experiments investigating reaction kinetics and catalytic mechanisms in electrochemistry and biochemistry can be greatly facilitated by in-situ and real-time, i.e., second-scale, product detection in a small reaction volume [7, 8] . This underscores the need for fast, sensitive, and quantitative real-time delivery of reaction products from a liquid test environment to high vacuum [9] . As electrochemical experiments using modern instrumentation allow for finely controlled and near-instant experimental input and output in the form of electrode potential and electric current, electrochemistry -mass spectrometry (EC-MS) thus serves as a natural platform for the refining of real-time mass spectrometry methods which can then be adopted in other fields.
Membrane inlet mass spectrometry (MIMS), the earliest technique for studying dissolved analytes with mass spectrometry, which remains widely used in environmental and bio-analytical applications, was also applied to electrochemistry early on [10] . In MIMS, the liquid testing environment is separated from the vacuum of the mass spectrometer by a semipermeable polymer membrane. To protect the vacuum, the membrane must be thick enough to prevent excessive permeation of the solvent, but as the analyte also must diffuse through the membrane, this slows the response time, generally up to several minutes [11] . A much faster response time was later achieved by the use of a porous polytetrafluoroethylene (PTFE) membrane [12] , but the correspondingly higher flux of solvent and analyte across the membrane necessitated a differential pumping stage, forming the basis of differential electrochemical mass spectrometry (DEMS), where the term "differential" emphasizes that the mass spectrometer signal represents a snapshot of the analyte concentration at the membrane [13] . DEMS has since been developed extensively, particularly through the work of Helmut Baltruschat and coworkers [14, 15, 16] , and has become a widely used method in electrocatalysis research [17, 18, 19, 20] . DEMS has proven especially useful in fundamental electrochemical studies, for example comparing the product distribution of a Faradaic process on different crystal facets [21, 22, 23] . A notable variation on DEMS, termed on-line mass spectrometry (OLEMS), developed by Marc Koper and coworkers [24, 25, 26] and now used by several groups [27, 28] , involves a small PTFE vacuum inlet at the end of a glass tube as an EC-MS probe, scaled such that the flux to the mass spectrometer is sufficiently small that no differential pumping is needed.
Much of the development in DEMS the past three decades has focused on the cell that interfaces the electrochemical experiment and the vacuum inlet. In the original DEMS experiments, the working electrode was sputtered onto the PTFE membrane of the vacuum inlet [13] , giving the fastest possible time response but complicating construction of the interface and restricting the materials that could be studied. The advent of a M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
stagnant thin-layer cell [14] made it possible to perform DEMS on smooth electrodes, but effects of solvent evaporation made it difficult to perform experiments in a controlled environment. This was remedied by the advent of a dual thin-layer flow cell in which the working electrode and vacuum inlet are in separate compartments [29] . This dual thinlayer flow cell also served as a platform for combining DEMS with other analysis methods such as electronic quartz crystal microbalance [29] and attenuated total reflection-infrared spectroscopy [30] , but always with stringent requirements on the working electrode. A subsequent modification made it possible to choose working electrodes of various sizes in DEMS, including single-crystals [31] , a flexibility also offered by OLEMS, though with a less well-defined geometry for mass transport [24] . Another design of a dual-layer DEMS flow cell focused on the electrode geometry, incorporating a counter electrode parallel to and separated from the working electrode by a membrane, though requiring specialized electrode geometries [32] .
Before describing the vacuum inlet system and electrochemical cell behind our new version of EC-MS, we wish to introduce a conceptual framework motivating their design. The three components of a standard quadrupole mass spectrometer (QMS): (1) electron impact ionization (EI), (2) quadrupole mass separation, and (3) detection by a secondary electron multiplier (SEM); all require high vacuum to operate. Above a pressure of approximately p 0 v = 10 −6 mbar, mass spectra become less reproducible and signals no longer respond linearly with the amount of analyte [5] . This sets a maximum flux of molecules into the vacuum chamber of the mass spectrometer, dependent on the pumping speed. With the turbo pump used in this paper, which has a pumping speed of S pump = 50 l /s, representative of standard turbo pumps for compact vacuum systems, the maximum desired flux into the vacuum chamber iṡ
where R is the gas constant and T = 298.15 K is the absolute temperature. Considerations of the SEM and the EI filament longevity also encourage a maximum flux not much higher than this value [33] . In comparison, the production rate of gasseous analytes (hydrogen evolution on platinum, for example) under typical laboratory conditions (current density of J expected = −1 mA /cm 2 and electrode area of A el = 0.2 cm 2 ) happens to bė
where F is Faraday's constant. In other words, the expected analyte production rate during conveniently-scaled electrochemistry experiments happens to be on the same order of magnitude as the allowable influx to the mass spectrometer of a conveniently-scaled vacuum system. This implies that it should be possible to have 100% collection efficiency, i.e. η = 1, while maintaining an arbitrarily fast time response. Accepting this framework, a clear drawback of both DEMS and OLEMS becomes clear. Since the porous Teflon membranes employed allow a significant amount of solvent evaporation, the analyte will only make up a small portion of the influx to vacuum, and so the influx of analyte to the mass spectrometer must be kept belowṅ desired
. This is done either by differential pumping, as in DEMS, lowering the vacuum collection efficiency, η v ; or by limiting the total influx to vacuum, as in OLEMS, lowering the membrane collection efficiency, η m . Either way, the overall collection efficiency η = η m η v is lowered. The use of a flow cell also lowers the membrane collection efficiency, as some analyte escapes in the downstream flow [15] . . We refer to the ability to resolve and quantify less than one monolayer of gaseous products on a scale of seconds as sub-turnover resolution. In this paper, we present technology enabling sub-turnover resolution for gaseous analytes with 100% collection efficiency, together with full and fast control of dissolved gases at the working electrode. We also present methods for accurate quantification with this system and demonstrate a predictive mass transport model. We anticipate that the technology and concepts presented here will serve as a platform for further improvements in EC-MS, and eventually for in-situ mass spectrometry in other fields as well.
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Membrane chip
Our strategy for achieving a fast and lossless transfer of dissolved gases from the liquid of the test environment to the high vacuum needed for mass spectrometry takes place in two steps. First, the liquid equilibrates across a perforated membrane with a microscopic gas-phase sampling volume, allowing any dissolved gases near the membrane to quickly evaporate. Second, gas in this sampling volume is continuously transported through a capillary to the vacuum chamber of the mass spectrometer. The membrane, sampling volume, and capillary are microfabricated into a silicon membrane chip using the standard and scalable clean-room techniques of UV lithography, deep reactive ion etching, hydrofluoric acid etching, anodic bonding, and molecular vapor deposition. The membrane is described briefly here. Other membrane chip design parameters as well as its fabrication are described in the supplementary information and in more detail elsewhere [34, 35] .
A photograph of the top of the membrane chip is shown in Figure 1a , where the membrane, which has a diameter of 7 mm, shows up as a colorful region due to the diffraction of visible light caused by its microstructure. This structure is shown as a scanning electron microscope image in Figure 1b . Densely spaced holes 2.5 µm in diameter ensure a large surface area to equilibrate with the outside environment while support pillars 50 µm in diameter provide mechanical stability to the membrane, holding it above the 3 µm high sampling volume below. The entire membrane and sampling volume are coated in a hydrophobic self-assembled monolayer (perfluorodecyltrichlorosilane, FDTS) so that an aqueous testing environment immediately above the membrane can be held out of the chip so long as the pressure difference is less than 0.3 bar across the membrane. The sampling volume connects to the mass spectrometer through an outlet in the center which leads to the capillary on the backside of the chip (see Figure S1 ). Figure 1c is a schematic diagram of the membrane chip in operation. When the membrane is covered by a liquid testing environment, the sampling volume equilibrates with the liquid, such that the solvent vapor is present in the sampling volume at its vapor pressure, and all dissolved gases and volatile species are (in the ideal approximation) present in the sampling volume at partial pressures proportional to their concentration immediately outside the membrane according to Henry's law of volatility,
where K i H is the Henry's law volatility constant for analyte i (in units bar·l /mol= bar /M), c i (0) is its concentration at the membrane, and p i chip is its partial pressure in the sampling volume of the membrane chip. When the total equilibrium pressure is below ambient pressure, an auxiliary gas is needed to make up the pressure difference and avoid sucking liquid into the chip. This gas, referred to as a carrier gas (even though its function is to pressurize the chip, and not to assist in convective transport), is delivered to the rim of the sampling volume, and its composition and pressure are controlled externally (see Figure S1 and S2). Helium is typically used as an inert carrier gas, as its mass spectrum does not overlap with those of other molecules of interest.
The membrane chip is interfaced with the vacuum chamber of the mass spectrometer as indicated in Figure 1d . The capillary is designed such that the total flux to the mass spectrometer,ṅ 0 v , is approximately equal to the maximum operation flux described above. The actual flux through the capillary of the membrane chip was determined to be 2.1 nmol/s for air and 2.6 nmol/s for helium by benchmarking against a calibration chip [36] , M A N U S C R I P T
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as described in the supplementary information. The latter value will be assumed below unless otherwise stated:
The working principle of the chip is demonstrated in its simplest form in Figure 1e and f. Figure At t = 60 s, the experimenter exhales on the membrane, resulting in an increased flux of CO 2 which is seen as a spike in the signal at m /z = 44. At t = 120 s, the experimenter places a drop of water on the chip, covering the membrane. While the water signal at m /z = 18 increases, the signals at m /z = 28, 32, and 40 drop as the dissolved N 2 , O 2 , and Ar near the membrane are depleted through the chip. As air can no longer enter the sampling volume, carrier gas, in this case He, makes up the pressure difference, seen as a dramatic increase in the signal at m /z = 4. The drop is removed at 240 s, and air once again displaces He the chip.
Stagnant thin layer electrochemistry cell
In order to use the membrane chip as a tool for in-situ monitoring of gas-evolving reactions on an electrode surface, we developed the stagnant thin-layer cell illustrated in Figure 2 . The cell secures a sample, the working electrode, in a position parallel to and close to the membrane. The working electrode, any disk 5 mm in diameter, is mounted in the cell as illustrated in Figure 2a using a PTFE U-cup and spring-loaded disk contacting core available from Pine Research Instruments as the internal hardware for the ChangeDisk RDE tip, making it easy to change working electrodes. Using an optical microscope, the surfaces of the working electrode, u-cup, and cell are brought in-plane to within a few micrometers on the bottom of the cell. The working electrode is electrically contacted from the top of the cell.
The distance between the working electrode and the membrane, referred to as the working distance, L, is defined by the thickness of a PTFE gasket with an inner diameter of 12 mm, placed concentric with the membrane and the working electrode, as illustrated in Figure 2b . The docking of the cell to the membrane chip and vacuum system is shown in more detail in Figure S3 of the supplementary information. The volume enclosed by the membrane chip on the bottom, the working electrode and cell on the top, and the gasket on the side, is referred to as the cell internal volume. The cell internal volume is contacted by four channels leading outwards to the top of the cell which are used to fill the cell and to make electrolytic contact to external reference and counter electrodes. Two of these channels are shown in the cross-section in Figure 2c .
The portion of the cell internal volume which is between the working electrode and the membrane is referred to as the working volume. With a working distance of L = 100 µm, used throughout this report, the working volume contains 2.0 µl of electrolyte. As illustrated in Figure 2d , gaseous electrochemical reaction products diffuse across this volume from the working electrode to the membrane, where they evaporate to the sampling volume of the chip, and are delivered through the capillary to the mass spectrometer. The membrane extends beyond the working volume by 1 mm in each direction, and the 10:1 aspect ratio of this edge volume ensures that a negligible amount of product is lost to lateral diffusion. The working volume and edge volume are simultaneously saturated through the membrane by the carrier gas. Reactant gas can also be introduced through the chip as carrier gas, where it dissolve into the working volume through the membrane and diffuse M A N U S C R I P T
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to the working electrode. The setup thus symmetrically facilitates fast transport of both reactant and product gases to and from the sample. The full system assembly is shown in Figure S3 .
The working distance is an important design parameter for EC-MS experiments involving a stagnant thin-layer cell. The diffusion time from the working electrode to the membrane (on the order of 1-5 s at L = 100 µm for small analyte molecules) scales with the square of the working distance. On the other hand, the electrical resistance from the working electrode to the reference electrode and counter electrode scales inversely with the working distance. We find, in general, that L = 100 µm is a good compromise.
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Experimental
The membrane chip and stagnant thin layer cell described above, together with a mass spectrometer, potentiostat, and gas manifold, constitute a powerful and versatile tool for studying the reactivity of electrocatalysts. Here, we demonstrate the use of the setup with experiments on a polycrystalline platinum electrode. We chose platinum because it is one of the most studied and well-understood materials in electrocatalysis [37, 38, 39] . This is due to its relatively high stability under a wide range of electrochemical conditions [40, 41] and its high activity for the oxygen reduction reaction (ORR) [42, 43] and hydrogen oxidation reaction (HOR) [44] of hydrogen fuel cells and for the hydrogen evolution reaction (HER) [45, 46] of water electrolyzers.
We show EC-MS data for HER (Reaction 5), the oxygen evolution reaction (OER, Reaction 6), and, by introducing CO through the chip, CO oxidation (COox, Reaction 7).
H
+ + 2 e − −−→ H 2 HER(5)2H 2 O −−→ O 2 + 4H + + 4e − OER (6) CO + H 2 O −−→ CO 2 + 2 H + + 2 e − COox(7)
Electrochemical reactions on a platinum electrode
The electrochemical experiments presented here involve two types of controlled experimental input: electrode potential and carrier gas composition. There are also two types of observed experimental response: electric current and mass spectrometer signal. All the information in an experiment can be displayed by co-plotting the inputs and outputs on a shared time axis. This type of plot is referred to as an EC-MS plot. For convenience, it is separated into a top frame showing calibrated mass spectrometer signals for carrier gas components (left y-axis) and electrochemical products (right y-axis) and a bottom frame showing electrode potential (left y-axis) and electric current (right y-axis). Figure 3a is an EC-MS plot of an extended electrochemical program on polycrystalline platinum in 1.0 M perchloric acid. Two types of electrical potential input are used: constant-potential steps (chronoamperometry), and potential scanning (cyclic voltammatry) [47] . Fast ramps (200 mV /s) are used between chronoamperometry steps for continuity. While cyclic voltrammatry enables easy visualization of redox reactions and is commonly used to characterize electrochemical surfaces, chronoamperometry is essential for studying time-dependent phenomena as scanning techniques convolute the time dependence of the response with the time dependence of the input.
The mass spectrometry data in Figure 3 is calibrated to represent the flux of molecules reaching the mass spectrometer. Because our setup provides 100% collection efficiency for gaseous products, the calibrated signal for products integrates to the amount produced at the electrode. Such absolute quantification is rare in EC-MS, with most contemporary literature reporting raw data, normalized signals, or ratios [13, 17, 15, 18, 25, 27, 23, 26, 28] . Our ability to quantify products is related to the 100% collection efficiency, which makes it straightforward to perform an internal calibration for the mass spectrometer signal corresponding to any gas that can be produced in situ at a known rate. The signals for H 2 at m /z = 2, O 2 at m /z = 32, and CO 2 at m /z = 44 were calibrated during the same experimental run as the measurements shown here by constant-current electrolysis steps according to reactions 5, 6, and 7, respectively, as shown in the supplementary information. When an analyte gas cannot be produced in situ at a known rate, its mass spectrometer signal can instead be calibrated through a calculation of its flux through the capillary [36, 35] (used here for the carrier gases He at m /z = 4 and CO at m /z = 28) or through extrapolation from internally calibrated signals using a relative sensitivity factor, which can M A N U S C R I P T
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in turn be calculated according the electron impact ionization cross-section and spectrum of the analyte molecule [48] and the transmission function of the mass spectrometer [49] . All of these calibration methods are described in detail in the supporting information.
Starting from the left of Figure 3a , the electrode is held at 0.45 V vs RHE, in the non-reactive "double-layer region", while the electrolyte is saturated with helium carrier gas. At t ∼ 120 s, the potential is set to 0.035 V vs RHE for two minutes. Although this is anodic of the equilibrium potential in 1 bar H 2 , H 2 is actively removed through the membrane chip, keeping the partial pressure of H 2 lower than one bar at the electrode, and hydrogen evolution is observed both as a negative (cathodic) current and as a signal at m /z = 2. Following another period at 0.45 V, at t ∼ 380 s, the potential is set to 1.750 V vs RHE for two minutes, during which oxygen evolution is observed as positive (anodic) current and signal at m /z = 32. Unlike HER, which quickly approaches a steady state, OER activity, measured both as current and MS signal, falls quickly during the two minutes constant potential. This has previously been attributed to formation of platinum oxide at the electrode surface [50] .
From t ∼ 570 s to t ∼ 1250 s, the electrode potential is cycled four complete times between 0.030 V vs RHE and 1.750 V vs RHE at a scan rate of 20 mV /s. During the first two cycles, HER is observed at and around the cathodic and OER at and around the anodic turn, both as current and MS signal. At t ∼ 915 s, just before the third cathodic turn, the carrier gas is abruptly switched from He to CO. No cathodic current or signal at m /z = 2 is observed at the cathodic turn at t ∼ 930 s, indicating that the platinum surface is completely covered in CO, poisoning it for HER. During the subsequent anodic sweep, a spike in current is observed at t ∼ 975 s, at which point the potential crosses U ∼ 0.85 V vs RHE, igniting CO oxidation. The signal at m /z = 44 accordingly increases from the ignition time, reflecting the CO 2 released. OER is still seen at and around the anodic turn. Interestingly, the OER activity is not influenced by the presence of CO.
The potential cycles immediately before and after the switch of carrier gas, indicated by the green and red highlights in Figure 3a , are replotted Figure 3b with the current and m /z = 2, 32, and 44 signals, projected onto a potential axis, i.e. as cyclic voltammagrams. The measurements in helium are shown with solid traces, and the measurements in CO with dashed traces. The poisoning of the hydrogen region and lack of OER poisoning described above are clear. It is also clear that there is a small delay in the m /z = 2 and 32 signals compared to the OER and HER currents, placing the maximum signal after the cathodic and anodic turn, respectively, and that while the m /z = 44 signal has a steep onset at the ignition of CO oxidation, the signal accumulates thereafter and decays very slowly after CO oxidation ceases at ∼ 0.7 V in the cathodic sweep. These effects are due to mass transport of electrochemical products in the working volume, which will be discussed in detail later. The complex behavior of the CO oxidation rate, including ignition at ∼ 0.85 V, plateau and gradual decline thereafter, and increase again during the cathodic scan, reflect effects of the state of the platinum surface on CO oxidation [51, 52] .
Following the end of cyclic voltammatry in Figure 3a , the electrode potential is set to 1 V vs RHE, just above the ignition of CO oxidation, for two minutes. The current remains relatively constant for the two minutes, while the m /z = 44 signal approaches steady state much more slowly, and then decays at the same rate after the two-minute period. The mass transport limited CO oxidation current in the setup is
where F is Faraday's constant, D CO = 1.9×10 −9 m 2 /s is the diffusion constant of CO in M A N U S C R I P T
water [53] , L = 100 µm is the working distance between the membrane and the electrode, p 0 chip = 1 bar is the pressure inside the chip, and K CO H = 1100 bar /M is the Henry's-law volatility constant for CO [54] . The measured current during the constant-potential CO oxidation period is about 0.27 mA /cm 2 , about 20% lower, and slowly declining. This is consistent with the observations by Mayrhofer et al. [51] : While small platinum nanoparticles show a diffusion-limited plateau for potentials just above the ignition of CO oxidation, the rate of CO oxidation on extended polycrystalline platinum surfaces decreases immediately as the surface becomes covered by unreactive oxygen species, with significant deactivation even at 1 V vs RHE.
For many electrochemical experiments, a lasting change of reaction gas is not needed, and instead a short, controlled exposure is advantageous. To this end we use an injection loop on the carrier gas system upstream of the chip (see figure S2) , as demonstrated as an EC-MS plot in Figure 3c for a CO stripping experiment on the same polycrystalline platinum electrode. We refer to this technique as pulse injection.
Starting from the left of Figure 3c , one complete potential cycle is undertaken between 0.060 and 1.150 V vs RHE with a scan rate of 20 mV /s starting with a cathodic sweep from 0.45 V vs RHE to characterize the state of the electrode surface. Following the cycle, the potential is held at 0.45 V vs RHE while CO is injected from the loop into the carrier gas and flows through the chip from t ∼ 180 s to t ∼ 240 s. A cathodic CO displacement current is observed, centered around t ∼ 185 s. Following CO exposure, two cycles are carried out, identical to the first cycle. The first cycle shows HER poisoning followed by the oxidation of the adsorbed CO at t ∼ 340 s, and the CO 2 released is immediately observed as a signal m /z = 44, which decays slowly thereafter. The last cycle is identical to the cycle before CO exposure, confirming that the electrode surface and setup have returned to their original state free of CO. The small, broad CO 2 signals centered on the anodic turns of the first (before CO exposure) and last cycles are attributed to residual adventitious carbon species on the electrode surface, and not to CO oxidation. The cycle with the CO stripping (green highlight) and the subsequent cycle (red highlight) are plotted as cyclic voltammagrams in Figure 3d to better show the difference in current attributed to oxidation of the adsorbed CO.
The integrated CO stripping peak from the cyclic voltammagrams corresponds to 370 pmol CO 2 , or about 75% of a monolayer assuming a flat surface, in agreement with literature values [52] . The integrated calibrated mass spectrometer signal for CO 2 , after subtracting the background from oxidation of residual adventitious carbon, is 345 pmol, or about 70% of a monolayer assuming a flat surface, in good agreement with the electrochemistry data. In comparison, the amount of hydrogen produced at ∼ 420 s in Figure 3 is 24 pmol, corresponding to 5% of a monolayer, i.e., 5% of a catalytic turnover assuming all surface atoms are active.
In addition to the remarkable signal-to-noise ratio for detection of a sub-monolayer of desorbed product, this is, to the best of our knowledge, the fastest full execution of a CO stripping experiment ever reported. By this, we mean the shortest total time required for surface area measurement by CO stripping including a confirmation, by HER poisoning, that the surface has been completely covered by CO; and a confirmation, by prior and subsequent cyclic voltammetry, that the surface has returned to its initial, completely uncovered, state.
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Modeling
Preliminary system comparison
As mentioned in the introduction, one of the most important differences between the chip-based inlet system described here and differentially pumped inlet systems used in conventional DEMS is that there is much less solvent evaporation. The water evaporation rate is calculated in the supporting information to be 17 nanoliters per second in DEMS, in approximate agreement with previous calculations [13] , and only 1.4 picoliters per second in our chip-based EC-MS.
The 10000 times slower water evaporation is a specific case of the more general phenomenon that the mass transfer coefficient for a molecule across the membrane chip is much smaller than the corresponding mass transfer coefficient across the porous Teflon membrane in DEMS. By mass transfer coefficient we mean the ratio of the flux j i m of analyte i across the membrane to its concentration c i at the membrane:
The general equations for the mass transfer coefficient h for both systems, derived in the supplementary information, are
for a chip-based system, where K i H is the Henry's law volatility constant of species i (from Equation 3 above),ṅ 0 v is the total molecular flux through the membrane chip's capillary (Equation 4), p 0 chip = 1 bar is the total pressure inside the chip, and A is the relevant area (the electrode area for products or the membrane area for water); and 
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for a differentially pumped system, which is governed by Knudsen diffusion [55] through the porous membrane and where φ is the porosity (typically 0.5 [15] ), l p is the length of the pores (typically 100 µm), d p is the pore diameter (typically 20 nm), and M i mol is the analyte molar mass.
Mass transport of an analyte in the working volume of a stagnant thin-layer system is described by Fick's law of diffusion in the electrolyte and by this mass transfer coefficient at the membrane. A few concepts useful for describing this system can be derived analytically. One simple case is for a sustained constant production rateṅ el of an analyte at the electrode. When steady state is reached, the concentration c is a linear function of the distance y from the membrane:
where D is the diffusion constant of the analyte in water (the superscript i has been dropped for convenience). The analyte buildup at the electrode (y = L) at steady state thus has two contributions, one of which is due to diffusion in the working volume and one of which is due to evaporation across the membrane. Their ratio,
is a dimensionless parameter describing the relative importance of diffusion and evaporation in the system. System S17 (supporting information) can be solved analytically using the method of Laplace transformation for the simple case of a step function inṅ el (t) (see the supporting information for more details). The approximate solution when the system starts at steady state and then the flux from the electrode is turned off is an exponential decay with time constant
This time constant is indicated in each of the bottom-row panels of Figure 4 . The fact that τ H 2 < τ O 2 τ CO 2 explains the difference in the shapes of the signals for constantpotential H 2 and CO 2 production, i.e., that H 2 reaches steady-state almost immediately and CO 2 has not fully reached steady-state at the end of the two-minute pulse. Mass transfer coefficients h, system paramaters α, and characteristic time constants τ are tabulated for select compounds in Table 1 .
Stagnant thin-layer EC-MS
A full mass-transport model for dynamic production of an analyte at the electrode based on the concepts outlined above is described in the supplementary information. To validate the model, four solutions were calculated based on the experimental data in Figure  3 . For each of the three constant-potential electrolysis experiments in Figure 3a (HER, OER, and CO oxidation), the concentration of dissolved H 2 , O 2 , or CO 2 , respectively, was calculated according to the model using the appropriate values for h and D. The concentration of dissolved CO 2 was also calculated for the CO stripping experiment in Figure 3c . For the three steady-state experiments we assume 100% Faradaic efficiency for the production of analyte during the 2 minutes of electrolysis (and zero outside of this interval), i.e.,ṅ
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where I(t) is the measured electrical current during the electrolysis period. For the CO stripping experiment, the input is instead based on the assumption that 100% of the difference between cycle 2 and cycle 3 in Figure 3d goes to oxidation of adsorbed CO, i.e., using ∆I(t) instead of I in Equation 15 . In each case the concentration profile can be solved numerically for c(t, y) using the method of lines [56] and the flux through the membrane predicted from the concentration profile according to Equation 9 . The predicted flux can be compared to the measured and calibrated mass spectrometer signal. The modeling is represented in Figure 4 , which shows the model inputṅ el in the top row, the solution for c(t, y) in the middle row, and the predicted and measured flux coplotted in the bottom row. The predictions are remarkably good given that no fitted parameters are used in the model.
As the setup and model are refined, we expect that it will become possible to deconvolute mass transport effects from the measured mass spectrometer signals yielding the instantaneous rate of any reaction on the sample with a gaseous product with sub-second resolution.
Flow EC-MS
The high water evaporation rate in differentially pumped EC-MS necessitates operation in a flow system. To make a relevant comparison, we therefore develop a mass transport model to describe the transport of analyte through a membrane in the collection volume of a flow cell in steady state, as described in the supporting information.
The overall figure of merit is the collection efficiency η, defined as the ratio of the rate analyte reaches the high vacuum of the mass spectrometer at steady stateṅ v to the rate at which analyte is produced upstream,ṅ el . The collection efficiency is a product of the membrane collection efficiency η m and the vacuum collection efficiency η v ,
Almost all of the variation between analytes is due the Henry's Law constant of volatility, K H , which determines the mass transfer coefficient through Equations 10 and 11. To give an overview comparing chip-based and differentially pumped EC-MS systems, we therefore plot the collection efficiency η vs K H in Figure 5a. Figures 5b, c, and d show the steady-state concentration profile in the collection volume for H 2 , O 2 , and CO 2 , respectively.
For high-volatility analytes, where η m approaches 1, the chip-based system is much more sensitive than the differentially pumped system, as no analyte is lost to differential pumping (η v = 1). In this limit, the ratio of collection efficiencies is the reciprocal of η v, DEMS , i.e.,
For low volatility compounds, the differentially pumped system can be more sensitive due to higher mass transfer coefficients and thus higher values of η m . In the limit that η m 1, the ratio of analyte flux to water flux is a constant, and the inefficiency of the chip-based system can be understood as a result of diluting the water vapor and analyte to the chip pressure with carrier gas before delivery to the mass spectrometer.
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As a rule of thumb, we propose CO 2 as a transition molecule, defining the volatility at or above which a chip-based system gives a dramatic increase in sensitivity over a differentially pumped system.
Design considerations
While the above comparison of chip-based and differentially pumped EC-MS is based on a flow model, the same comparison holds qualitatively in a stagnant system, with sensitivity replaced by time response. In a flow system, the time response is fixed according to the flow rate and internal cell volume, while membrane collection efficiency decreases with flow rate and with the solubility of the analyte. In a stagnant system, the membrane collection efficiency is set to unity, i.e., everything is collected if you are willing to wait long enough, but the time response depends on the solubility of the analyte, as shown in Table 1 .
The relative advantage of chip-based vs differentially pumped EC-MS thus depends an a number of design parameters including flow vs stagnant, working distance, chip pressure, differential pumping rate, electrolyte flow rate, and temperature. The equations and mass transport models introduced here can help guide the design of the optimal EC-MS setup to study a given electrochemical reaction.
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Conclusion
This article has demonstrated technical and methodological considerations that are needed in order to measure and interpret minute desorption phenomena during electrochemistry experiments and thereby gain insight into the fundamental reaction mechanisms of electrochemical processes. Laboratory scale electrochemistry experiments often involve desorption phenomena yielding less than 1 nmol of analyte over a few seconds. This makes mass spectrometry an ideal detection method given its instrumental capability of analyzing small amounts of gaseous analyte species with a fast time-response. Mass spectrometry is typically operated with pumping rates which are also on the order of 1 nmol per second. However, coupling a mass spectrometer, with an operational pressure of 10 −6 mbar directly to an electrochemical experiment is not a trivial task. Conventional methods of designing this interface rely on a membrane to separate the liquid and vacuum environments. This results in a high rate of solvent evaporation lowering sensitivity towards the analyte.
Here, we have presented a unique way of directly coupling electrochemistry and mass spectrometry by means of a microfabricated membrane chip and a stagnant thin-layer cell. The membrane chip acts as an equilibration zone for volatile analyte species between the electrolyte and the MS. The membrane samples the vapor pressure of any volatile analyte into a microscopic sampling volume inside the membrane chip, which is continuously delivered to the mass spectrometer without loss of analyte. By incorporating the membrane chip with a stagnant thin-layer electrochemistry cell, a direct coupling between analyte production at a working electrode and detection at a mass spectrometer was established. Furthermore, the membrane chip enables full control of the dissolved gas atmosphere at the working electrode, allowing either pulsed or steady-state dosing of reactant gases. Modeling of the well-characterized mass transport in this setup makes it possible to compare the anticipated analyte collection rate, based on the current measurement from the electrode, to the measured mass spectrometer signal. As the method is refined, it will become possible to map mass spectrometer measurements directly back to a Faradaic current on the surface of an electrode and thereby deconvolute the signal. While we have focused on electrochemistry studies, it is worth mentioning that the same design paradigm might be equally applicable to e.g. biochemical reaction studies.
It is our hope that the instrumentation presented herein, and the general framework that it represents, will lead to more in-depth studies of sub-monolayer desorption phenomena in the future. This will accelerate advances in electro-catalysis, contributing to the transition to a more sustainable future.
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Methods
The mass spectrometer used in this work is a Pfeiffer QMA 125 with a 90 degree SEM and an open axial beam filament ionizing at 100 eV, which is continuously pumped by a 56 l/s (N2) Pfeiffer TMP. Electrochemical measurements were made using a Biologic SP-150 potentiostat using the EC-Lab software. An Hg/Hg 2 SO 4 reference electrode from Schott Instruments was used, and a gold mesh was used as the counter electrode. The reference and counter electrodes were separated from the cell internal volume by ceramic frits. A 1.0 M HClO 4 electrolyte was prepared by diluting 70% HClO 4 (Merck, Suprapur, 99.99% purity) in deionized water (18.2 MΩ·cm, Millipore). The reference electrode was calibrated against the reversible hydrogen electrode in the same electrolyte saturated with H 2 using two platinum wires as working and reference electrodes. The Ø 5.03 x 3mm polycrystalline platinum disk, from MaTecK, was flame-annealed, cooled under argon atmosphere, and rinsed with Millipore water before use. All glass wear, as well as the stagnant thin-layer cell, were cleaned overnight in a 3:1 mixture of 98 % sulfuric acid and 30% hydrogen peroxide and then thoroughly rinsed with Millipore water before use. Helium and CO are from AGA at 6.0 purity.
For the numerical modelling, the partial differential equations were implemented in python as systems of ordinary differential equations by discretizing in y. A discretization of 30 was used when solving the ordinary differential equations representing the stagnant system, and of 100 when solving for the flow system. The integration was performed using scipy.integrate.odeint. All of the data analysis, plotting, and modeling for this article was performed using a homemade python package available at https://github.com/ScottSoren/. 
